The hyperpolarization-activated/cyclic nucleotide (HCN)-gated channels play critical role in the regulation of neuronal excitability in hippocampus CA1 region and neocortex, in which the abnormal neuronal activities are more readily provoked. This study was to investigate the interactions between HCN channels and hyperneuronal activity after experimental SAH. The present results from wholecell recordings in rat brain slices indicated that (1) 
Introduction
It has been estimated that 1-6% of the world population may harbor an intracranial aneurysm and that each year ϳ10/100,000 people suffer from an aneurysmal subarachnoid hemorrhage (SAH) (McCormick and Nofzinger, 1965; Schievink et al., 2004) . Despite major advances in surgical techniques, radiology, and anesthesiology, the mortality and morbidity rates after spontaneous SAH have shown a moderate reduction in recent years (Schievink et al., 2004; Nieuwkamp et al., 2009; Lovelock et al., 2010) . Early brain injury including electrophysiological disorders, rather than cerebral vasospasm (Vajkoczy et al., 2005) , may contribute to the high mortality and morbidity rate of SAH (Cahill et al., 2006; Pluta et al., 2009) .
Electrophysiological disorders such as "cortical spreading depolarization," which was originally described by Leão (1944) , first appeared at the early stage after SAH (Dreier et al., 2006) . This kind of neuronal hyperexcitability originates from a temporary disruption of local ionic homeostasis and ultimately contributes to the neuronal swelling and death (Dreier, 2011) . In SAH patients, intense neural activity leads to increases in extracellular K ϩ and excitatory neurotransmitters, which, in turn, induce additional depolarization and neuronal excitability (Somjen, 2001; Iadecola, 2009 ). In addition, it has been reported that cortical spreading depolarization is associated with a sustained reduction in cerebral blood flow and profound brain hypoxia Bosche et al., 2010) , which may lead to delayed ischemic neurological deficit in patients with SAH (Dreier et al., 2006) . However, the mechanism of neuronal hyperexcitability after SAH remains unclear.
The hyperpolarization-activated/cyclic nucleotide (HCN)-gated channels are a mixed-cation conductance, encoded by 4 genes (HCN1-4 ), and widely distributed in peripheral and central neurons (Robinson and Siegelbaum, 2003; Biel et al., 2009 ). An abundance of evidence has demonstrated that HCN1 channels are critical for the regulation of neuronal excitability in hippocampus CA1 region and neocortex (Day et al., 2005; Shin and Chetkovich, 2007; Wang et al., 2007; George et al., 2009; Li et al., 2010) . In these brain areas, HCN1 subunits are densely distributed and expressed on the dendritic spines of pyramidal neurons (Magee, 1998; Lörincz et al., 2002; Notomi and Shigemoto, 2004; Nusser, 2009) , and are involved in the integration of excitatory synaptic input and thereby influences the excitability of neural network (Magee, 1999; Williams and Stuart, 2003; Oviedo and Reyes, 2005; Tsay et al., 2007) . Interestingly, cortical spreading depolarization is more readily provoked in hippocampus CA1 sector and neocortex (Somjen, 2001) , and its generation as well as propagation is also greatly dependent on the apical dendrites of pyramidal neurons (Canals et al., 2005; Henning et al., 2005; Takano et al., 2007) . Therefore, we speculate that HCN1 channels are potential regulative targets which contribute to the formation of neuronal hyperexcitability after SAH.
First, in the present study, the changes of HCN1 currents in hippocampus CA1 pyramidal neurons were investigated under a hemoglobin (Hb)-containing environment. Then in the rat SAH model, we further observed the changes of HCN1 expression in hippocampus CA1 area. The results revealed a functional reduction of HCN channel in the special environment of SAH, which participated in the emerging of neural hyperexcitability in hippocampus CA1 region.
Materials and Methods
Whole-cell clamp recordings. First, for slice preparation, the Sprague Dawley rat (P21-P24) was rapidly decapitated, and then the brain was quickly removed and submerged in a 0°C sucrose solution containing the following (in mM): 220 sucrose, 2.5 KCl, 1.25 Na 2 HPO 4 , 26 NaHCO 3 , 6 MgCl 2 , 1 CaCl 2 , 10 glucose, and was saturated with 95%O 2 -5%CO 2 . Horizontal slices (400 m), including the hippocampal structures ( Fig. 1 A) , were prepared using an oscillating tissue slicer (Leica, VT1000) and transferred to a holding chamber containing artificial CSF (aCSF) for a minimum of 90 min at room temperature (22Ϫ24°C) before recording. aCSF containing the following (in mM): 124 NaCl, 3 KCl, 26 NaHCO 3 , 2 MgCl 2 , 2 CaCl 2 , 10 glucose. Slices were then transferred to a submersiontype recording chamber and perfused at a rate of 1-2 ml/min with aCSF. All aCSF solutions were constantly aerated with a mixture of 95% O 2 -5% CO 2 to maintain pH ϳ7.4. Whole-cell current-clamp recordings in brain slice neurons were made as described previously . Pyramidal neurons in CA1 region were targeted for recording using an upright microscope equipped with Leica infrared-differential interference contrast (IR-DIC) optics, a 340 water-immersion objective, and a video imaging camera. Patch pipette (3-7 M⍀) filled with internal solution containing the following (in mM): 125 potassium gluconate, 20 KCl, 10 HEPES, 1 EGTA, 2 MgCl 2 , 4 ATP, pH 7.2-7.4. The pipette resistance, as measured in the bath, was typically 4 Ϯ 0.5 M⍀. After gigaohm seal formation and patch rupture, neurons were given at least 5 min to stabilize before data were collected. Following patch rupture, series resistance was compensated 50 -70% and continually monitored throughout the experiment. Cells were discarded if series resistance increased by Ͼ15%. The signal was amplified using an EPC10 amplifier (HEKA Elektronik) and stored for off-line analysis with Pulse/Pulsefit v.8.74 (HEKA Elektronik) and Igor Pro v.4.03 (WaveMetrics). Recordings were performed at room temperature unless stated otherwise. Additionally, some cells were intracellularly labeled with biocytin (0.5%) to confirm identification.
Measurement of NO levels. At 1, 2, 3 and 4 h after perfusion of hippocampus slices with Hb (10 M), the circulative artificial CSF were collected, and the NO levels were assayed according to the instructions in the NO detection kit (Nanjing Jiancheng Technology). Briefly, the collective aCSF was collected and assayed in triplicate, and a standard curve using NaNO 2 was generated for each experiment for quantification. Briefly, 50 l of the supernatants or standard NaNO 2 was mixed with 50 l of Griess reagent I and 50 l of Griess reagent II in a 96-well plate at room temperature for 10 min, and the absorbance was measured at 540 nm using a microplate reader.
Experimental model of SAH. All experiments were performed in accordance with China Animal Welfare Legislation and were approved by the Third Military Medical University Committee on Ethics in the Care and Use of Laboratory Animals. The endovascular perforation model of SAH was produced as reported earlier (Kusaka et al., 2004; Luo et al., 2010; Suzuki et al., 2010) . Briefly, Male Sprague Dawley rats (240 -270 g) were anesthetized with sodium pentobarbital (40 mg/kg, intraperitoneal). A sharpened 4 -0 nylon suture was introduced into the right external carotid artery and advanced through the intracranial internal carotid artery until resistance was felt and then pushed 3 mm further to perforate the internal carotid artery wall. Then, the suture was withdrawn into the external carotid artery, and the internal carotid artery was reperfused. In the sham surgery, the filaments were advanced without arterial perforation. The severity of SAH was blindly assessed in all animals after they were killed, as previously described (Sugawara et al., 2008) . The subarachnoid cistern was divided into 6 segments, and each segment was allotted a grade from 0 to 3 as follows; grade 0 ϭ no subarachnoid blood; grade 1 ϭ minimal subarachnoid blood; grade 2 ϭ moderate blood clot with recognizable arteries; and grade 3 ϭ blood clot obliterating all arteries within the segment. Each animal received a total score ranging from 0 to 18 after the individual scores were summed.
H&E staining and immunohistochemistry. At designated time points (24 and 72 h post-SAH), animals were anesthetized and perfused through the ascending aorta with 0.9% saline, followed by 400 ml of 4% paraformaldehyde (PFA) in phosphate buffer (PB; 0.1 M sodium phosphate, pH 7.4). Brains were removed, postfixed for 24 h in phosphate-buffered 4% PFA, embedded with paraffin, and cut into 6 m sections on a vibratome. The protocol of H&E staining was not shown. For immunohistochemistry, sections were first treated with 0.3% Triton X-100 and 3%H 2 O 2 , and then incubated for 24 h at 4°C with a rabbit monoclonal antibody to rat HbA2 (Epitomics) diluted 1: 100 in a solution of 2% goat serum. After three 10 min PB washes, the sections were treated according to the instruction of Streptavidin-Peroxidase kit (SP9003, Zhongshan Goldenbridge Biotechnology). Finally, sections were incubated with a solution of 0.6 mg/ml diaminobenzidine (DAB) and 0.05% H 2 O 2 for 2 min. This incubation was terminated by three 10 min PB washes. Sections were mounted onto gelatin-coated slides and dried overnight before placing a coverslip on them. Representative sections from each animal were then photographed.
Western blotting analyses. At designated time points (24 and 72 h post-SAH) animals were killed, brains rapidly removed, and plunged into sucrose solution as described above. Transverse slices (600 m) of brain tissue through the hippocampus were cut and subdissected into CA1, CA3, dentate gyrus (DG) and entorhinal cortex (EC) regions. Figure 9A (see below) shows a schematic illustration of the dissecting parts in hippocampus. CA1 tissue samples were immediately stored at Ϫ80°C until required. For in vitro study, CA1 tissue samples were collected at 1, 2, 3 and 4 h after Hb perfusion. For Western blotting, CA1 tissues were homogenized, and aliquots of each fraction were used to determine the protein concentration of each sample using a detergent compatible assay (Bio-Rad). Equal amounts of protein (50 g) were fractionated by SDS-PAGE and subsequently transferred to a nitrocellulose membrane (GE Healthcare Pharmacia Biotech). The membrane was incubated in fresh blocking buffer (containing Tris-buffered saline, 0.1% Tween 20 in Trisbuffered saline, pH 7.4) at room temperature for 1 h and then incubated with rabbit polyclonal anti-HCN1 (1:500; Abcam) antibody, overnight at 4°C. The blots were washed three times in TBS-T for 5 min and then incubated with appropriate secondary antibodies (HRP-goat anti rabbit, 1:1000, Zhongshan Goldenbridge Biotechnology). The bound antibodies were visualized using an enhanced chemiluminescent detection system and then exposed to x-ray films (Kodak). The images were scanned with a GS800 Densitometer Scanner (Bio-Rad), and OD data were analyzed using Quantity One software (Bio-Rad). In these analyses, ␤-actin was used as an internal reference.
Reverse transcription-PCR and quantitative PCR. Total RNA (5-20 g) was isolated using TRIzol (Invitrogen) following the manufacturer's protocol. A subsequent DNase I treatment was performed to remove any residual DNA contamination (QIAGEN). Isolated RNA (1 g) was reverse transcribed and amplified using a One-Step RT-PCR (reverse transcription PCR) kit (Invitrogen). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH ) was used as a housekeeping gene for the internal standard. The primers corresponding to the rat HCN1 and to the reference gene (GAPDH ) are listed as follows: GAPDH, 5ЈTGGGGTGATGCTGGTGCT-GAGT3Ј (forward sense), 5ЈAGGTTTCTCCAGGCGGCATGTC3Ј (reverse sense); HCN1, 5ЈCCCCAACGTCGCGCATGAG3Ј (forward sense , ), 5ЈGC TGAGGCTGCTGCATGAGTG3Ј (reverse sense). For quantitative PCR, to-tal RNA was isolated and used to prepare cDNA as described above. A master mix was aliquoted to a 384-well plates (Applied Biosystems) with each well containing: 2.85 l of water, 1 l of 10ϫ PCR buffer, 0.2 l of primer mix (or 0.1 l of forward, 0.1 l of reverse), 1.2 l of 25 mM MgCl 2 , 0.2 l of deoxynucleotide triphosphate mix (10 mM each), 0.025 l of Platinum Taq polymerase (Invitrogen), 0.3 l of SYBR green stock (Invitrogen). The real-time PCR protocol used was as follows: heat activation of polymerase at 95°C for 3 min, followed by 40 cycles of: 95°C for 10 s, 65°C for 15 s and 72°C for 20 s. Readings were performed on an ABI Prism 7900HT Sequence Detection System (Applied Biosystems) and compared against a standard curve created from genomic DNA.
Drugs. All reagents were obtained from (Sigma) with the exception of L-nitroarginine (L-NNA, Tocris Bioscience). Pure hemoglobin (oxyhemoglobin) was generally prepared by the method of Martin et al. (1985) . First, a tenfold molar excess of the reducing agent, sodium dithionite (Na 2 S 2 O 4 ) was added to a 1 mM solution of commercial hemoglobin in distilled water. Then, sodium dithionite was then removed by dialysis against 100 volumes of distilled water for 2 h at 4°C. The concentrations of the solutions hemoglobin was determined spectrophotometrically, and the solution was frozen in aliquots at Ϫ20°C and stored for up to 14 d. During patch-clamp recording, all drugs were applied by switching perfusion from artificial CSF to a solution containing the desired drug. Ba 2ϩ was bathed in at a concentration (200 M) that blocks Kir2 channels to keep HCN currents intact. Additionally, CsCl (1 mM) was used to block HCN channel in preference to the organic blockers, such as ZD7288, which require a long time to exert their effect. All drugs were prepared as concentrated stock solutions and frozen at Ϫ20°C until use.
Statistical analysis. All quantitative values are given as the mean Ϯ SEM. Statistical comparisons were made by using ANOVA or the unpaired or paired Student's t test with SPSS (version 13) software, as appropriate. A p value of Ͻ0.05 was considered statistically significant.
Results

Whole-cell recordings of pyramidal neurons in hippocampus CA1 region
Whole-cell recordings were obtained from a total of 114 pyramidal cells located within the rat hippocampus CA1 area. These neurons were identified using IR-DIC video microscopy by their compacted collocation and large pyramidal shaped cell body with a long apical dendrite passing through the stratum radiatum of CA1 (Fig. 1 B) . A subset of these cells was injected with biocytin for further morphological identification. All the labeled cells had morphological features of pyramidal neurons as described previously: a pyramidal soma and a prominent apical dendrite (Fig. 1C,D) . The mean resting membrane potential of neurons recorded in current clamp was 64 Ϯ 5.8 mV.
HCN currents recording in CA1 pyramidal neurons
Injection of negative current steps (Ϫ300 to 50 pA in 50 pA steps) in CA1 pyramidal neurons produced a rapid hyperpolarization, followed by a depolarizing sag (Fig. 1 E, left, n ϭ 28 ). This response pattern is typical of neurons expressing HCN channel currents. Meanwhile, the whole-cell voltage-clamp recordings showed that HCN-like inward currents were activated by a series of hyperpolarized voltages (Ϫ60 to Ϫ120 mV, Ϫ10 mV step), which are typical for HCN channels. The amplitude of the HCNlike current at Ϫ120 mV was 205.7 Ϯ 38.5 pA (Fig. 1 E, right, n ϭ pyramidale with a long apical dendrite passing through the stratum radiatum of CA1. E, Left, Control current-clamp recording from CA1 pyramid neuron at rest with current steps from Ϫ300 to 50 pA (step ϭ 50 pA), the voltage sag was induced by negative current steps. Right, HCN currents activated by 1000 ms hyperpolarizing voltage steps from Ϫ60 to Ϫ120 mV in 10 mV increments, then all sweeps were subjected to a voltage jump to Ϫ120 mV to obtain full activation of HCN currents. F, HCN currents were blocked after application of CsCl (1 mM). Left, the voltage sag vanished when stimulated by negative current (Ϫ300 pA). Right, the amplitude of HCN currents nearly reduced to 0 pA at Ϫ120 mV.
28), with the leak currents controlled at Ϯ10.0 pA. The relative small somatic HCN-like currents recorded in these neurons may reflect current generation at sites distant from the soma (as in dendritic spines) and subsequent signal attenuation resulting from a large dendritic electrotonic length (Destexhe et al., 1996) . Barium was bathed in artificial CSF at a concentration of 200 M that blocked Kir2 channels to leave the HCN currents intact. To further examine the HCN currents in CA1 pyramidal neurons, the protocol was repeated in the presence of the HCN channels blocker CsCl. CsCl (1 mM) was applied to the bath for 10 min before recording. At current-clamp recordings of Ϫ300 pA, the voltage sag vanished when applying CsCl (Fig. 1 F, left,  n ϭ 8) . Accordingly, the amplitude of HCN currents was nearly close to zero at Ϫ120 mV (Fig. 1 F, right, n ϭ 8) .
Hemoglobin inhibited HCN currents in CA1 pyramidal neurons Hb (10 M) was bathed in circulatory artificial CSF ϳ20 min before recording. Whole-cell current-clamp recordings from CA1 pyramidal neurons show that Hb induced a moderate fluctuation of membrane potential, accompanied with a rapid firing of action potentials (APs). After washout of Hb, the membrane potential and AP frequency returned to control levels ( Fig.  2A,D , n ϭ 12 cells per group). Interestingly, Hb synchronously produced a significant decrease in the amplitude of HCN currents evoked by Ϫ60 to Ϫ120 mV voltage-ramp protocol (Fig. 2B) . The suppression of Hb on HCN currents at Ϫ120 mV was amplified in Figure 2 , C and E (n ϭ 12 cells per group). After washout of Hb for at least 20 min, the amplitude of HCN currents also recovered to the control level, indicating that the inhibitory effect of Hb on HCN currents was reversible.
To further evaluate the correlation between the effect of Hb on neural excitability and HCN channel in CA1 region, CsCl (1 mM), a HCN blocker, was pretreated before Hb administration. The results indicated that there was no significant increase of spike firing between application of CsCl alone and CsCl/Hb combined (Fig. 3A) . Accordingly at voltage clamp, there was also no HCN currents recorded during application of both CsCl alone and CsCl/Hb combined (Fig. 3B) . But, it should be pointed out that the recording cells had already discharged quickly and the membrane potential fluctuated vigorously during CsCl application, and this phenomenon is consistent with the results of previous reports (Wang et al., 2007; George et al., 2009; Li et al., 2010) .
Changes of NO level and HCN1 expression in CA1 slices during Hb perfusion
At 1, 2, 3, and 4 h after perfusion of hippocampus slices with Hb (10 M), the circulative artificial CSF were collected, respectively, for NO analysis and CA1 tissues were prepared for the detection of HCN1 expression. As indicated in Figure 4 , the level of NO released from hippocampus slices had a dramatic drop at 1 h after Hb perfusion, and then slowly decreased at 2, 3, and 4 h after Hb perfusion. Simultaneously, the protein expression of HCN1 in CA1 region decreased moderately at 1 (decreased by 31.3%) and 2 (decreased by 37.8%) h after Hb perfusion, and then had a significant decrease at 3 (decreased by 75.3%) and 4 (decreased by 73.8%) h after Hb perfusion.
Role of NO signaling on HCN channels and neuronal excitability
The membrane potential was initially adjusted to Ϫ56 to ϳϪ53 mV using intracellular injection of direct current and the record- ing neurons fired spontaneously under this condition. Bath application of nitric oxide/Spermine (NO/Sp, 100 M), a controlled releaser of nitric oxide, decreased the spike firing of recording cells (from 19.6 Ϯ 3.6 to 4.2 Ϯ 1.7 APs per minute, p Ͻ 0.01, n ϭ 8; Fig. 5 A, C) . The decreased firing activity recovered close to the control (predrug) level after 10 min washout. Simultaneously, the effect of NO/Sp on HCN currents was examined during the above-mentioned process. As indicated in Figure 5B , the ampli- tude of HCN currents was elevated during application of NO/Sp (increased by 32.6 Ϯ 14.6% at Ϫ120 mV, p Ͻ 0.05, n ϭ 8; Fig. 5D ). After washout, the increased HCN currents recovered to the control level. Furthermore, we tested whether endogenous NO could affect the function of HCN channels in CA1 pyramidal neurons. L-NNA, an inhibitor of nitric oxide synthase (NOS), was applied under the same protocol in the bath. As shown in Figure 6 , application of L-NNA produced a moderate decrease in the amplitude of HCN currents (decreased by 23.2 Ϯ 6.5% at Ϫ120 mV, p Ͻ 0.05, n ϭ 8), accompanied by spike firing of recording cells increased (from 23.5 Ϯ 4.3 to 67.8 Ϯ 9.6 APs per minute, p Ͻ 0.01, n ϭ 8).
Interaction of Hb and NO on HCN channels and neuronal excitability in CA1 pyramidal neurons
The above-mentioned results indicated that Hb inhibited HCN channels in CA1 pyramidal neurons and HCN channels could be regulated by NO signaling. In the following studies, NO/Sp or L-NNA was applied during the perfusion of Hb on CA1 pyramidal neurons before the excitatory effect of Hb evaluated. As indicated in Figure 7 , A and B, the inhibition of Hb on HCN currents was attenuated after application of NO/Sp, accompanied by a decreased spike firing of recording cells. The amplitude of HCN currents at Ϫ120 mV was reduced to 45.7 Ϯ 4.1% during the perfusion of Hb (10 M). After incubation with 100 M NO/Sp for ϳ10 min, the amplitude of HCN currents recovered to 71.4 Ϯ 6.9% ( p Ͻ 0.01, n ϭ 8; Fig. 7 F, G,  left) . Accordingly, the action potential firing of recording cells decreased from 54.6 Ϯ 8.5 to 34.7 Ϯ 6.7 action potential per minute at resting potential ( p Ͻ 0.01, n ϭ 8; Fig. 7E, left) . Conversely, the inhibition of Hb on HCN currents was enhanced moderately after application of 100 M L-NNA (from 42.8 Ϯ 3.6% to 33.2 Ϯ 4.9% at Ϫ120 mV, p Ͻ 0.05, n ϭ 8; Fig. 7 D, F,G, right) , but the spike firing of recording cells did not significantly increase during application of L-NNA (Fig.  7C ).
HCN1 expression in hippocampus CA1 region in rat SAH model
The mortality rate in the SAH group was 38% (15 of 39 rats). None of the shamoperated control animals died during experiment. Filament puncture induced extensive bleeding which was particularly pronounced on the ipsilateral side, around the Circle of Willis and along the ventral brainstem (Fig. 8 A) . At 24 h posthemorrhage, the SAH score was 13 Ϯ 2 out of a possible 18 in the SAH groups. Despite the rapid vanishing of subarachnoid blood, a significant amount of blood clot could still be observed at 72 h after SAH. The macroscopic coronary sections displayed that the endogenous blood was densely distributed within the cerebral ventricles surrounding the hippocampus tissues at 24 h after SAH, and disappeared moderately at 72 h after SAH (Fig. 8 B) . H&E staining showed dense red blood clots distributed within the cerebral ventricles near hippocampus tissue at 24 and 72 h after SAH (Fig. 8C) . Furthermore, the immune-positive results of Hb (rabbit monoclonal anti-HbA2, Epitomics) demonstrated Hb penetrated into hippocampus tissue around cerebral ventricles after SAH. Especially, the distribution of Hb in hippocampus tissue at 72 h is more extensive than that at 24 h after SAH (Fig. 8 D) .
Western blot for HCN1 protein expression in hippocampus CA1 region was observed. As indicated in Figure 9B , HCN1 protein expression in SAH group was significantly reduced compared with control group, and the decrease at the 72 h post-SAH point was more pronounced ( p Ͻ 0.01, n ϭ 6 rats per group). HCN1 protein expression in sham group has only slightly decreased ( p Ͼ 0.05, n ϭ 6 rats).
To further assess the expression levels of HCN1 subunits quantitatively after SAH, the real-time quantitative PCR for HCN1 mRNA was performed. Similar to the results of Western blot, HCN1 mRNA expression reduced obviously in SAH group. As indicated in Figure 9C , HCN1 mRNA expression reduced by 60.7% Ϯ 5.4% at 24 h post-SAH point and 81.2% Ϯ 4.1% at 72 h post-SAH point, respectively ( p Ͻ 0.01, n ϭ 6 rats per group).
Discussion
This study has obtained evidences that Hb induced neural hyperexcitability and inhibited HCN currents in rat CA1 pyramidal neurons. In addition, the function of HCN channels could be regulated by NO signaling, and increased HCN currents which was induced by enhancing NO signaling, could effectively attenuate the excitatory effect of Hb on CA1 pyramidal neurons. Furthermore, the expression of HCN1 channels in rat CA1 region decreased both in Hb-perfusion slice and in animal SAH model.
Hb, a major component of hemolysis in the subarachnoid clot, is considered as the main culprit for a series of pathological changes after SAH (Koźniewska et al., 2006; Pluta et al., 2009) . However, previous publications on the effect of Hb focused primarily on cerebral vasospasm, but not on neuronal activity. In fact, the results from our study and other reports demonstrated that subarachnoid blood distributed rapidly over the entire brain and penetrated into the deeper layers of the cortex, including hippocampus tissues (Turner et al., 1998; Lee et al., 2009 ) and the process of hemolysis starts ϳ16 h after SAH (Macdonald and Wei, 1991) . Thus, Hb can directly play its excitotoxicity role on neurons at early stage after SAH. In the present study, we simulated post-hemolysis environment of SAH by perfusion of Hb- containing artificial CSF in vitro. Because of the concentration of Hb in the blood clot after SAH is in the high micromolar range (Macdonald and Weir, 1991; Wickman et al., 2003) , a concentration of 10 M Hb was used in our experiments. The results indicated that Hb induced fast spike firing of CA1 pyramidal neurons, and simultaneously, HCN channels were inhibited by Hb.
In hippocampus CA1 sector and neocortex, HCN channels are important determinants of neuronal excitability both in physiological and in pathological conditions. For example, blockade of HCN channels increases the activity of prefrontal cortex pyramidal neurons ; in hippocampal CA1, the excitability of pyramidal neurons has been confirmed to be selectively reduce by upregulation of HCN currents (Poolos et al., 2002) . Furthermore in some disease models, changes of HCN channels induce hyper neuronal excitability. For example, HCN channels were significantly downregulated in the rat pilocarpine model of epilepsy, with loss of channel expression in CA1 pyramidal neurons. These molecular changes of HCN channels increased neuronal excitability and might be associated with both the process of epileptogenesis and maintenance of the epileptic state (Jung et al., 2007) . In rat transient cerebral ischemia model, the neuronal excitability of CA1 pyramidal cells was significantly increased after ischemia, which was also associated with a reduction of HCN currents (Fan et al., 2008 ).
In the current study, the RT-PCR profiling showing that hippocampus CA1 region expressed high levels of HCN1 mRNA which is consistent with a previous study (Day et al., 2005) . The electrophysiological features observed in this study were similar to a reported that channels dominated by HCN1 subunits were rapidly gating and had relatively depolarized activation voltage dependence (Chen et al., 2001) . During perfusion of Hb, the HCN currents evoked by hyperpolarizing steps in voltage clamp exhibited similar kinetic tendency to the currents that are blocked by the HCN channel blocker CsCl, and the amplitude of HCN currents at Ϫ120 mV level was decreased by Hb. After washout of Hb, the neural activity and HCN currents of CA1 pyramidal neurons recovered to the normal level simultaneously. Additionally, changes of neuronal excitability in CA1 region were also directly observed when HCN channels were blocked by CsCl, which are similar to the results from prefrontal cortex pyramidal neurons . CA1 pyramidal neurons displayed fast firing and the membrane potential vigorously fluctuated when HCN channels were blocked. On this condition, perfusion of Hb failed to further enhance the neuronal activity of recording neurons.
The above-mentioned electrophysiological observations after Hb perfusion are supported by the molecular studies on the expression level of HCN1 subunits in CA1 region in slices and in SAH animal model. First, in CA1 slices, the reduction of HCN1 protein level occurred as early as 1 h after Hb perfusion. In the rat SAH model, the protein and mRNA levels of HCN1 in hippocampal CA1 region were remarkably reduced in the acute phases of SAH (up to Ϫ72 h). This time course of HCN1 channel changing is earlier than that of cerebral vasospasm occurring, and closely followed by the time when cortical spreading depolarization begin to appear (Dreier et al., 2006) . Additionally, it is generally accepted that the scavenging effect of Hb on NO signaling contributes to a series of pathological changes after SAH (Sehba et al., 2000; Koźniewska et al., 2006; Pluta et al., 2009 ) and the level of NO determines the neural susceptibility for cortical spreading depolarization after SAH (Petzold et al., 2008 ). In the current study, the scavenging effect of Hb on NO was observed. The level of NO released from CA1 slices was significantly decreased during Hb perfusion. Interestingly, HCN channel had already been reported to be an important downstream target for NO signaling in many brain areas. For example, exogenous NO modified oscillatory activity in thalamocortical relay neurons by acting on HCN channels (Pape and Mager, 1992) ; in mesencephalic neurons, NO reversibly depolarized the membrane and reduced the firing threshold by a presumed action on HCN channels (Pose et al., 2003) ; and in deep cerebellar nuclei neurons, NO enhanced HCN currents (Wilson and Garthwaite, 2010) . In hippocampus CA1 region, it was recently reported that presynaptic NO/cGMP signaling facilitated glutamate release via HCN channels (Neitz et al., 2011) . In the present study, the regulative role of NO on HCN channels was further confirmed in hippocampus CA1 pyramidal neurons. Enhancing NO signaling by perfusion of NO/Sp could increase HCN current amplitude, and conversely, HCN currents were decreased when endogenous NOS was inhibited by L-NNA. Ac- Figure 9 . Changes of HCN1 protein and mRNA expression in hippocampus CA1 region after SAH. A, Schematic illustration of sectioning of hippocampus technique for regional tissue acquisition and analysis. B, Western blot for HCN1 in the right hippocampus CA1 region at 24 and 72 h after SAH. The expression levels are expressed as a ratio of ␤-actin levels for normalization. n ϭ 5 rats per group. C, Top, Reverse transcription-PCR assay of HCN1 mRNA expression in the right hippocampus CA1 region at 24 and 72 h after SAH. Bottom, Real-time quantitative PCR measurements of HCN1 mRNA expression in the right hippocampus CA1 region at 24 and 72 h after SAH. mRNA expressed as a percentage change from control. n ϭ 6 rats per group. cordingly, the neuronal excitability of recording cells were attenuated or enhanced during the application of NO/Sp or L-NNA, respectively. Furthermore, application of NO/Sp attenuated the excitatory effect of Hb on recording cells, and synchronously, inhibition by Hb on HCN channels were diminished after NO/Sp application. These results revealed a functional interaction between Hb and HCN channels after SAH. We speculate that Hb, released from blood clot after SAH, exhausted the NO signaling, thus inhibited HCN channels, and consequently induced or facilitated the formation of neuronal hyperexcitability in hippocampus CA1 region after SAH.
However, there are several limitations in this study. First, we tested Hb in artificial CSF to simulate the environment after aneurysmal SAH, and we did not study other potential factors in hemolysate (such as iron, hemin). Second, we did not directly study the relationship between HCN channels and neuronal hyperexcitability in the rat SAH model. Nonetheless, the present results implied that the change of HCN channels may be a novel process involved in the formation of neuronal hyperexcitability after SAH, and may provide new therapeutic clues in patients with SAH.
